Synaptic Vesicle Endocytosis: Get Two for the Price of One?  by Chung, ChiHye & Kavalali, Ege T.
Neuron
PreviewsSynaptic Vesicle Endocytosis:
Get Two for the Price of One?
ChiHye Chung1 and Ege T. Kavalali1,*
1Department of Neuroscience, The University of Texas Southwestern Medical Center, Dallas, TX 75390-9111, USA
*Correspondence: ege.kavalali@utsouthwestern.edu
DOI 10.1016/j.neuron.2009.01.022
Tight coupling between synaptic vesicle exocytosis and endocytosis is critical for the maintenance of neuro-
transmission. In this issue of Neuron, Zhu et al. reveal a surprising facet of this coupling by showing that, at
low frequencies, fusion of a single vesicle leads to retrieval of two vesicles with dissimilar attributes.Substantial insights into physical, chemi-
cal, and biological processes are attained
by examining the properties of their
elementary components, such as subato-
mic particles, atoms, and molecules. This
analytical approach sometimes provides
straightforward explanations for seem-
ingly complex phenomena; however,
quite often it leads to unexpected obser-
vations and identifies microscopic char-
acteristics that at first may seem rather
counterintuitive. In the last two decades,
behavioral processes observed at the
organism level have been successfully
traced down to functional attributes of
individual synapses due to the develop-
ment of new electrophysiological and
optical tools that enable experiments
aimed at elucidating the operation of indi-
vidual central synapses (Su¨dhof and Mal-
enka, 2008). This effort has led to novel
mechanistic insight, revealing substantial
complexity in the way single synapses
operate and signal (Stevens and Wang,
1995; Liu and Tsien, 1995).
Recent work has taken this approach
a step further by examining the dynamic
properties of single synaptic vesicles
within individual presynaptic terminals.
Synaptic vesicle trafficking during activity
and rest can be monitored by uptake and
release of exogenous fluorescent probes
such as the styryl dye FM1-43 (Betz
et al., 1996) or, alternatively, by tracing
surface delivery and retrieval of synaptic
vesicle proteins tagged with a pH-sensi-
tive GFP variant called pHluorin (Miesen-
bo¨ck et al., 1998). When combined with
sensitive optical tools, these methods
can elucidate the trajectories of individual
synaptic vesicles during fusion and
subsequent endocytosis. Despite the
technical advances and their promise,these initial studies have led to seemingly
conflicting results on the reliability and
kinetics of coupling between synaptic
vesicle exocytosis and endocytosis. For
instance, imaging the trafficking of the
pHluorin-tagged synaptic vesicle protein
synaptobrevin/VAMP (synaptopHluorin)
at the level of individual vesicles, Gandhi
and Stevens found that synaptic vesicle
exocytosis and endocytosis are tightly
coupled and fused vesicles are retrieved
rapidly and largely intact without losing
their protein components at the plasma
membrane (Gandhi and Stevens, 2003).
Using the styryl dye FM1-43, Aravanis
and colleagues have found that individual
synaptic vesicles recycle and fuse repeti-
tively without significant mixing of their
lipid components with the plasma
membrane (Aravanis et al., 2003). Further-
more, high-resolution imaging of the
distribution of the synaptic vesicle protein
synaptotagmin upon fusion showed that
vesicle proteins remain clustered after
exocytosis, suggesting that synaptic
vesicle identity is preserved despite
fusion with the plasma membrane (Willig
et al., 2006). In contrast, other studies
have challenged these findings and
proposed that protein components of
synaptic vesicles freely mix with their
counterparts at the plasma membrane
following fusion and that subsequent
synaptic vesicle endocytosis predomi-
nantly retrieves vesicle proteins that
reside at the surface membrane prior
to the fusion event (Ferna´ndez-Alfonso
et al., 2006; Wienisch and Klingauf,
2006). Another leading study used
a similar approach to investigate fusion
and retrieval of single synaptic vesicles
and proposed an 15 s time course for
synaptic vesicle endocytosis, an order ofNeuron 61,magnitude slower than previous esti-
mates (Granseth et al., 2006).
In this issue of Neuron, Zhu and
colleagues reexamine exocytosis-endo-
cytosis coupling at the level of individual
synaptic vesicles and show that these
earlier findings may be reconciled in
a rather surprising way (Zhu et al., 2009).
To monitor fusion and retrieval of single
synaptic vesicles with a high signal-
to-noise ratio, the authors engineer
a chimeric probe by inserting four
pHluorin molecules into the cytoplasmic
loops of the synaptic vesicle protein syn-
aptophysin (Su¨dhof et al., 1987). This
powerful probe (called SypHluorin 4X)
allows Zhu and colleagues to obtain
optical records of impressive quality and
thus enables them to uncover the way
fused single vesicles are endocytosed in
significant kinetic detail. The authors find
that, at low stimulation frequencies, the
fluorescence signal decays in two phases
after fusion of a synaptic vesicle (Figure 1).
The first phase occurs rapidly after the
initial fluorescence increase and brings
the fluorescence down by 50% with
a time constant of 3 s. Once this phase
is complete, fluorescence remains at this
level for another 10–15 s followed by
another rapid decrease down to the orig-
inal baseline. This result points to the
rather unconventional conclusion that
two distinct vesicles are retrieved after
a single vesicle fusion. To verify this
explanation, Zhu and colleagues perform
several clever control experiments, most
importantly using the complementary
method of monitoring uptake of styryl
dye FM1-43, which strongly support the
implication that the biphasic nature of
the fluorescence decrease is indeed due
to retrieval and reacidification of twoFebruary 12, 2009 ª2009 Elsevier Inc. 333
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that as more vesicles fuse, the number
of fusion events starts to match the
number of endocytic retrieval steps.
If a single vesicle is split into two during
retrieval, how do the daughter vesicles
retain their full complement of proteins
required for their function in this process?
To address this question, the authors
quench SypHluorin molecules resident at
the surface membrane prior to stimulating
fusion. This maneuver results in a minor
change in the kinetics of the initial compo-
nent, whereas the kinetics of the delayed
fluorescence decrease appears to slow
down dramatically. This observation
suggests that the fast component of
retrieval favors endocytosis of fused
SypHluorin molecules, whereas the de-
layed process relies more on retrieval of
SypHluorin molecules that were resident
at the plasma membrane prior to the
fusion event. This important finding
suggests that, upon fusion, a fast retrieval
process aims to preserve the composition
of the fused synaptic vesicle with high
fidelity, whereas a delayed process acts
to clean up remaining synaptic vesicle
proteins at the surface. Taken together,
these findings may help reconcile earlier
conflicting results by showing, at the level
of single vesicles, despite its inherent
leakiness,maintenanceofsynapticvesicle
identity might have a higher priority than334 Neuron 61, February 12, 2009 ª2009 Elsmaintenance of an exact number of recy-
cling synaptic vesicles or preserving the
surface area in central nerve terminals.
Finally, using RNAi-based partial
knockdown of clathrin heavy chain, the
authors detect up to 50% inhibition of
SypHluorin retrieval. Overall, these find-
ings agree with the previous observations
of Granseth and colleagues (Granseth
et al., 2006), highlighting the critical role
of clathrin cage assembly in the regulation
of synaptic vesicle endocytosis. Surpris-
ingly, however, clathrin knockdown does
not seem to affect of the number of
SypHluorin molecules present per vesicle
or the extent of trafficking at steady state
and at rest. This is consistent with the
notion that multiple synaptic vesicle traf-
ficking mechanisms may be cooperating
at individual synapses to ensure their
robust ability to adapt to various stimuli
and long-term alterations in activity levels.
The study by Zhu and colleagues
provides novel tools and a challenging
set of observations. Retrieval of two vesi-
cles after fusion of a single vesicle may
reflect a compromise to achieve fidelity
and rapidity of the recycling process in
the face of physical constraints favoring
mixing and dilution of critical synaptic
vesicle components with the plasma
membrane. In this way, synapses may
aim to achieve both the rapid recycling
and partial preservation of vesicle identityevier Inc.required to sustain synaptic vesicle
supply for consequent rounds of stimula-
tion (Kavalali, 2007). In this scheme, slow
endocytosis provides a means to mini-
mize mixing of vesicular proteins and
surface proteins to ensure fidelity of
vesicle targeting and effectiveness of
vesicle fusion in the long term. Given the
pace of advances in high-resolution
optical microscopy (Willig et al., 2006)
combined with novel fluorescent probes
such as quantum dots (Zhang et al.,
2007), wewill soon be able to delve further
into the complexities of synaptic trans-
mission at the nanometer scale. With the
help of these new tools, we will gain
further insight into nanomechanics of
synaptic vesicle trafficking and undoubt-
edly face new challenges in our under-
standing of the workings of synapses.
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Figure 1. Retrieval of Two Synaptic Vesicles following Fusion of a Single Vesicle
(A) Cartoon depicting the distribution of SypHluorin molecules (green, fluorescent; gray, quenched) and
untagged endogenous synaptophysins during fusion and retrieval.
(B) Traces depict the changes in SypHluorin fluorescence during fusion and after retrieval of the first and
the second vesicle.
